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ABSTRACT 

Endurance life tests were run with standard design and optimized high- 
speed design l<?0.66-mm-(4.760-in.-) bore tapered-ro 1 ler bearings at shaft 
speeds of 600 and 18 600 rpm, respectively. Standard design bearings of 
vacuum melted AISI 4320 and CBS-IOOOM, and higti-speed design bearings of 
CBS-IOOOM and through-hardened AISI M-60 were run under neavy combined radial 
and thrust load until fatigue failure or until a preset cutoff time of 1100 
hours was reached. Standard design bearings made from CBS iOOOM material 
ran to a lO-percent life approximately six times rated catalog life. Twelve 
identical bearings of AISI 4320 material ran to ten times rated catalog life 
without failure. Cracking and fracture of the cones of AISI M-50 high-speed 
design bearings occurred at 18 600 rpm due to high tensile hoop stresses. 

Four CBS IOOOM high-speed design oearings ran to twenty-four times rated 
catalog life without any spalling, cracking or fracture failures. 

INTRODUCTION 

Tapered-ro 1 ler bearings are being used in some tielicopter transmissions to 
carry combined radial, thrust and moment loads and in particular, those loads 
from bevel gears such as high-speed input pinions. For this application. 


tdpered-rol ler Dearings have greater load capacity for a given envelope or for 
a given oearing weight than the more commonly used oall and cylindrical roller 

oearings. 

Kesearch directed toward high speed applicatiohs of tapered roller bear- 
ings has extended their nigh speed capabilities. Stable operation at speeds 
as hign as if. 4 million DN have been attained under comoined radial and thrust 
loads with computer-optimized, high-speed design tapered-rol ler bearings 
[IJ^. These bearings showed a 33 percent improvement in speed capability 
and a lo percent decrease in neat generation over a modified baseline design 
oearing. 

Linder tnrust- 1 oad-on 1 y conditions, for applications sucn as turbine engine 
main-shaft thrust bearings, speeds as high as 3.0 million DN have oeen at- 
tained Life tests with these specially designed bearings at 3 million ON 

yielded an estimated experimental life of approximately 3 times the unadjusted 
manufacturer's catalog life. 

Advanced helicopter transmissions which require higher speed capability of 
tapered-rul ler oearings also require higher temperature capability [3j. Thus, 
materials with temperature capabilities nigher than the conventional carburiz- 
ing steels are required to withstand the higher operating temperatures at 
maximum conditions. 

Several carourizing type steel nave oeen developed for higher temperature 
use, primarily through the addition of alloying elements such as Cr and Mo. 
CbO-lOUOM, for example, nas oeen developed for continuous service up to S89 K 
(oOO’ h). Another candidate material fur higher temperature transmission 
oearing use is AISl M-SO, the througn-naroened material used for nearly all 
turuine engine main shaft oearings. 

^Numoers in oracxets denote reference at end of paper. 
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The objective of the research reported herein was to determine an experi- 
mental life estimate for 120. 65-mm-(4. 760-in.-) bore tapered roller bearings 
of two designs under combined radial and thrust loads. A modified standard 
bearing design [4J was life tested at 12 500 rpm. A computer-optimized, high- 
speed design was life tested at 18 500 rpm. Both designs were tested at a 
combined load of 26 700 N (6000 lb) radial load and 53 400 N (12 000 lb) 
thrust load. 

APPARATUS AND PROCEDURE 
High-Speed Tapered Roller Bearing Test Rig 

Three test rigs of the type used in the performance tests of [1 and 4] 
were used for these life tests. Two bearings are tested simultaneously in 
each test rig, one of which is shown in figure 1. For these endurance tests, 
the cone-face temperature was measured with an infrared pyrometer aimed 
through an air-purged sight tube. The test rig vibration levels were measured 
with piezoelectric accelerometers which automatically shut down the test when 
vibration due to a bearing failure exceeded a predetermined level. Chip de- 
tectors were located in the oil drain lines from each test bearing for addi- 
tional failure detection. The test rigs are descrioed in detail in [4J. 

Test Bearings 

Both designs of the tapered-rol ler test bearings had a bore of 120.65 mm 
(4.7bU in.). Other significant geometry and dimensions are given in table 1. 

The standard bearings were catalog design with modification of the roller 
ends which were ground to a spherical radius equal to 80 percent of the apex 
length. The cone was also modified with forty oil holes, 1.016 mm (0.040 in.) 
in diameter, drilled through from a manifold on the cone bore to the undercut 
at the cone-rib surface. The cage was AISI 1010 steel which was silver plated 
ana of the standard roller riding design. Two groups of bearings of this de- 
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sign were used: one group was made from consumaole-e lectrooe, vacuum-melted 
(CVi'l) AISI 4Ji?0 steel, anu the otner from CVM CBS lOOOM. Both were case car- 
Durized and finisned to tne specifications shown in table t. 

The AISI 4J20 material is representative of tne conventional carburizing 
steels with nign industrial usage. CBS lOOOM is a material alloyed for hard- 
ness retention to service temperatures up to K (oOU* F). The particular 
neat of CBS lUOOM used for ooth tne standard and the high speed design bear- 
ings was the same as that used for tne bearings tested in Chemical com- 

positions of the materials used for cups, cones, and rollers are shown in 
table i. 

Ine selection of the computer optimized high-speed bearing design was 
based on bearing fatigue life, total neat generation, and cone-rib contact 
stress and heat generation at speeds up to 000 rpm as described in [Ij. 
Major differences from the standard bearing design were smaller cup angle, 
smaller pitch and outside diameters, and fewer rollers. The cage of the high 
speed design bearing was made of silver-plated AISI 4340 and designed to be 
guioeu by lanus on the cone. The cone contained 4B oil holes, l.Oio mm 
(0.040 in.) in diameter at each end, drilled through from manifolds on the 
cone bore to tne undercuts at each raceway end. In addition, six oil holes 
of the same size were drilled at each end to lubricate the cage- land riding 
surfaces. 

Two material groups of nigh-speeo design bearings were used. One group 
was made of case-carourized CVM CBS lOOOM and the second group from through- 
naroened, douole vacuum melted AISI M-50. (Double vacuum melting refers to 
vacuum induction melting followed by vacuum arc remelting or VIM-VAH). The 
specifications on hardness, case depth and surface finishes for the CBS lOOOM 
bearings are shown in table The AISI M-bO bearings were through-hardened 
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to Rockwell C ol to bJ druJ were ground and lapped to the same finishes as the 
Cbb lUOOM bearings. 

Tne basic dynamic load ratings and AfBMA dynamic load ratings of both 
bearing designs are given in taole 4. The high-speed design has approximately 
iO percent less capacity than the standard bearing due to its optimization of 
performance at nigner speeds and the fewer number of rollers to accomodate the 
higher strength cage. 

Life Testing Procedure 

A set of two test bearings was examined visually on all contacting sur- 
faces to assure that ho defects which could lead to early failure were pre- 
sent. during life testing, tne test hearing cup and support-bearing outer- 
ring temperatures, and tne lubricant in and out temperatures were continuously 
recorded. Trie test bearing cone temperature, luoricant flow rates to test 
oearings and support bearings, spindle rotational speed, test rig vibration 
level, and load system pressures were monitored and recorded twice each day. 

Testing continued until a failure was indicated or until a predetermined 
cutoff time of 1100 hours was reached, when one of the two bearings on test 
failed, tne other was later mated with another suspended bearing and continued 
on test until failure or 1100 hour cutoff. 

Luorication of the standard bearing was accomplished with a combination of 
flow through holes in tne cone directly to the cone-rio-rol ler-end contact and 
jet flow at the roller small end as Shown in figure i). For the high-speed 
design, all lubricant was supplied tnrougn noles in tne cotie at both ends of 
the roller and tnrougn the cage-riding lands as shown in figure <^lb). Flow 
rates, including cup cooling, were uaseo on the results of parametric studies 
with each oearing design in [1 dnd 4j. 
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The test conditions for these life tests are given in table t>. The test 
speeds were selected based on the results of the performance tests of [4J for 
the standard design bearings and [IJ for the high-speed design bearings. The 
selected speeds were, in each case, less than the maximum speed capability 
with each design and at dynamically smooth operating speeds of the test rig. 

During initial testing with the standard bearings, superficial surface 
peeling failures occurred rather than spalling fatigue failures. Several 
chatiges in lubricant temperatures and flow rates were made as will be dis- 
cussed in a later section. Tne conditions listed in table 5 are those final 
conditions after the peeling failures were eliminated. 

RESULTS and DISCUSSION 
Standard Design Bearings 

Life testing was initiated with stanoaro design bearings of AISI 43<?0 
material at 13 bOO rpm, a thrust load of bd 400 N (13 000 lb) and a radial 
loao of 3o /OO N (bOOO lb). Lubricant flow rates were a cone-rib flow rate of 
O.OOH m'^/min. (O.b gpm) , a jot flow rate of 0.0038 iif^/min (1.0 gpm) and a 
cup cooling flow rate of 0.0036 m’^/min (0.7 gpm). The lubricant-in tempera- 
ture was 36b K (300* F). These conditions were selected to maintain cup and 
cone temperatures less than 433 K (300* F) based on results of performance 
tests with identical bearings reported in [4J, Measured cup and cone tempera- 
tures ranged from 416 to 433 K (390* to 300* F) in these initial tests. 

Peeling surface distres s. - Inspection of the test bearings from the first 
two tests, which were stopped due to test facility malfunction and support 
bearing failure after 330 and bb9 liours, revealed that a shallow surface dis- 
tress was occurring on the raceway and roller taper surfaces. This type dis- 
tress is called peeling [bj and appears as a very shallow area, uniform in 
depth. Typical peeled areas in these bearings, approximately 0.008 mm 


^O.OOUJ in.) deep, are snown in figure J. The peeling tended to initiate at 
minor surface detects such as the deeper surface scratcnes or indentations. 

The peeling also tended to De concentrated near the axial center of the 
raceways and roller witn a slight Dias toward tne roller large end. This 
effect may oe expected since the rollers are slightly crowned and the contact 
stress is somewnat higner in the center of the raceway, i^rofile traces across 
tne raceways and along tne roller tapers of the initial test bearings revealed 
that the roller crown radius had Deen decreased to approximately one-third of 
Its original value. This exaggerated crown caused further stress concentra- 
tion at the center of the roller ano further aggravated tne peeling. 

This exaggerateo crown was also ooserveo in similar tests reported in [JJ 
and was attr’Duted to an uneven transformation of retained austenite. The 
level of retained austenite in tne case of tne AL'.l 4320 bearings is approxi- 
mately 30 percent. Austenite is a relatively unstaole phase and transforms to 
martensite at a rate that depends on temperature and stress conditions. As it 
transforms, a growtn of the material occurs. Since stresses and temperatures 
are nigiier near tne center of the roller raceway contact, greater transforma- 
tion, and thus growtn occurs tnere, and it oecomes a self aggravating condi- 
tion. borne measurements of retained austenite on the rollers from che initial 
test Dearitigs indicated that nearly all of tne austenite had transformed near 
tne center. It is ueheved tnat the growth froiii this transformation could 
account tor the exaggerated crown tnat was measured, [tie cup and cone race- 
ways also experienced some crown increase out to a lesser extent than tne 
ro 1 lers. 

Tne major cause of peeling type surface distress is Delieved to oe due to 
an inadeguate luoricant film parameter, wnich is tne ratio of the elasto- 
nydrodyiiamic film tnicKness in trie ro 1 ler-raceway contact to the composite 
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surface roughness. The composite surface roughness is the square root of the 
sum of the squares of the RMS roughnesses of the two surfaces. 

Lubricant flow rates and lubricant-ln temperature were varied to Improve 
tne EHD film thickness conditions. Cup and cone temperatures were reduced to 
less than K I<?b0* F), but the peeling failures continued to occur. 
Identical tests were also run with CBS lOOOM bearings, and the results were 
the same. 

Improved surface finish . - Further reduction of bearing temperatures to 
improve the lubricant film parameter were considered to be Impractical since 
lower lubricant-ln temperatures would not be representative of helicopter 
transmissions, and further Increase In flow rate would not result In signifi- 
cantly lower bearing temperatures based on the work of [4j. The alternate 
means of Increasing the film parameter Is Improving the surface roughness of 
the raceways and/or rollers. The remaining untested bearings were returned to 
the manufacturer, and the raceways and roller tapers were noned to improve the 
surfaces from the values given In table Z to 0.10 um (4 uln.) or better. 

After noning, the measured roughness of the raceways and roller tapers were 
typically 0.0^ um (3.b uln.) and 0.06 um (2.5 uln.), respectively. Also, tne 
number of deeper surface scratches appeared to be minimized. 

After honing, the bearings were reassembled, and testing was resumed at 
previous conditions selected to maintain oearlng teinperatures at 394 K 
(250* F) or less. A shutdown for test bearing Inspection after 640 hours 
revealed no peeling or distress on any surface of the bearings. The life test 
conditions were thus established for the remaining tests with the standard 
bearings of both materials. A summary of the effect of the lubricant film 
parameter on peeling surface distress Is shown In table 6. 
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Life tests at 12 500 rpm . - The remaining test bearings of both materials, 
after re-noning, nere run at the test conditions shown in table 5. Twelve 
bearings of the AISI 4320 material ran to the 1100 hour cutoff without failure 
of any type. At these conditions, the rated catalog life of this bearing 
design Is 102 hours, so that the experimental 10-percent life Is greater than 
ten times the catalog life. (Tne 10-percent life Is the life within which 
10 percent of the bearings can be expected to fail by rolling-element fatigue 
spalling; this 10-percent life Is equivalent to a 90-percent probability of 
survival . ) 

Sixteen re-honed bearings of the CBS lOOOM material were run to spalling 
fatigue failure or to the 1100 hour cutoff. Twelve of the bearings ran to 
IMO hours without failure. Three bearings experienced spalls on the cup or 
cone raceways. One bearing was suspended at 820 hours without spalling fail- 
ure, since It had received surface damage on the cone-rib due to an obstruc- 
tion In a lubricant orifice. These data are plotted on welbull coordinates 
according to the procedures of [6J In figure 4. A least squares line drawn 
through tne three failure points snows an estimated 10-percent life of ap- 
proximately oOO hours, or about 6 times the rated catalog life. 

A comparison of the results with the two materials show that the CBS lOOOM 
bearing life is less than the AISI 4320 bearing life. However, a quantitative 
estimate of tne difference is not made from these results since no fatigue 
*ai lures occurred with the AISI 4320 bearings. 

High-Speed Design Bearings 

AISI M-bO bearing tests . - Life testing with the computer optimized, high- 
speed design tapered-rol ler bearings was Initiated with the AISI M-SO bearings 
at 18 bOO rpm. The externally applied load was Identical to that for the 
standard design bearings, that Is, a thrust load of S3 400 N (12 000 lb) and a 
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radial load of <?6 700 N (6000 16). LuDricant flow was through the cone with 
0.0066 m'^/min (1.46 gpm) at each end of the roller. Cup cooling flow of 
0.00«i3 m'^/min (0.6 gpm). with the lubricant- in temperature of 355 K 
(180* F), the average cup and cone-face temperatures were 419 K (295* F) and 
426 K (306* F), respectively. Under these load and speed conditions, the 
rated catalog life of this bearing design is 46 hours. 

Five pairs of the AISI M-50 of bearings were run at these conditions. Two 
tests (four bearings) were stopped after 36 and 283 hours due to failures in 
the lubrication system. Another pair of bearings ran to the 1100 hour cutoff 
without failure. Another test was stopped after 106 hours due to a test rig 
malfunction, and upon inspection of the test bearings, a very small spall was 
found on one of tne rollers. 

After 188 hours, the other test was stopped due to severe rig vibrations. 
Disassembly revealed that both test bearings had cracked cones. One cone had 
cracked entirely through trie cone section. The crack in the other cone was 
entirely contained in the load zone of the raceway. 

The cone of bearing S/N 78-9 is shown in figure 5. Evidence of an axial 
crack is seen in the spalled area. The cone was subsequently cut partially 
through and fractured at that location to reveal the crack. The extent of the 
crack is shown in figure 6. The diir-ensions are approximately 9.5 mn 
(0.37 in.) long and 1 mm (0.04 in.) deep. 

The cone of bearing S/N 78-10, with the complete fracture, is shown in 
figure 7. A portion of the initial crack and advanced stages of fracture are 
snown in figure 8. Initial crack dimensions are approximately 22 mn 
(0.87 in.) long and b mm (0.24 in.) deep. 

ratigie spalling is noted in figures 6 and 7 adjacent to the cracks. It 
IS believed that the fatigue cracks, related initially to the spalling pro- 
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cess, propagated at an accelerated rate due to tne presence of the super- 
imposed tngh hoop tensile stress field in tne cones. In tne case of bearing 
serial number 78-10, the crack propagated to its critical value and destruc- 
tive fracture occurred, rortunately, tne test rig was shut down before com- 
plete fragmentation of the cone occurred. Tne crack in bearing S/N 78-y, 
althougn at an advanced stage, had not yet reacneo the critical fracture stage. 

The average tangential tensile hoop stress, based on the assumption of 
thin rings, was estimated for the Id bOO rpm condition to be approximately 
0.14b G>^a (<?1 000 psi). This calculated stress also includes effects of the 
cone-shaft interference fit. Tnis stress is at the lower end of the range 
wnere in [7 and dj, it was shown that the critical crack size can readily be 
reacned in tnrougn-nardened AISl M-bO, and fracture of inner races (or cones 
in tne case of tapered roller bearings) is prooable. 

damoerger [gj reported that fracture of ball bearing inner rings running 
at d.O mi l lion ON occurred where hoop stress due to high rotational speed was 
calculated to be 0.<fi uPa (34 OOO psi). Fracture occurred only after con- 
siderable fatigue spalling. In tne present tapered-rol ler bearing tests, 
wnere calculated noop stresses were somewhat lower, fracture occurred before 
significant spalling occurred. In the cases discussed by Clarx [7], there was 
a greater tendency toward inner ring cracking without significant spalling 
witn roller bearings tnan witn ball bearings at similar sti’ess levels. Tnis 
tendency may be related to tne relative spall propagation rates witn ball and 
roller bearings. Ine results witn tapered-ro 1 ler bearings appear to be con- 
sistent with tins trend. 

liiese results indicate that tne use o* a through-hardened material such as 
Hlbl M-bO, to accomodate nign temperatures in nigri-speed tapered-rol ler bear- 
ing app I ications, involves the same, if not more, severe nsxs of catastrophic 
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fracture of the cone as re^^orted in [7 to for ball bearing inner rings at 
nigh speeds. It is apparent that materials for high-speed tapered-rol ler 
bearings must have higher fracture toughness such as that associated with 
case-hardened materials. 

Cdb lOUOM bearing tests . - Five computer optimized, high-speed design 
tapered roller bearings made of case-carburized CBS lOOOM material were also 
life tested at conditions identical to those of the AISI M-50 bearings. Four 
of these bearings ran to the 1100 hour cutoff time without failure. One test 
resulted in a severe failure of one test bearing after 135 hours as a result 
of failure detection and shutdown system malfunction. The extent of damage 
was too great to determine the origin or cause of the failure. However, close 
observation revealed at least two spalls in the cone raceway. The largest 
spall is shown in figure ‘i. No cracKS or fracture of the cone were observed 
although considerable damage to the raceway, cohe rib and cage oc(.u?red. This 
result offers some, although admittedly meager, evidence that a high- 
temperature, case-carburized material such as CBS IJOUM can resist fracture or 
cracKing at conditions of high tensile hoop stress after spalling and signifi- 
cant cone raceway damage had occurred. 

Too few bearings were run at these conditions, because of availability, to 
Obtain a reasonable statistical estimate of the ro 1 1 ing-elemeht fatigue life. 
However, since four of the five bearings survived the 1100 hour cutoff 

times rated catalog life) this bearihg design/matenal combination does 
show pr' -ise for future high-speed tapered-rol ler bearing applications. 

SUMMARY 

Endurance life tests were run with two designs of 120.65 -nm (4.750-in.) 
bore tapered-ro I ler bearings of three materials under heavy combined radial 
and tnrust loads. Beai'ings of a modified standard design were life tested at 
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600 rpin. Computer-optiiTiized design bearings were life tested at 18 600 
rpm. Hearing temperatures were maintained in the range from Jy4 to 433 K 
I3b0" to 300* F). 

Tne following results were obtained: 

1. Standard design oearings of CHS iOOOM material gave an estimated ten- 
percent life of aoout six times rated catalog life. Twelve identical oearings 
of AISI 4330 material ran to a cutoff of ten tiines rated catalog life without 
f ai lure. 

2. Odder conditions of marginal luoricant-f ilm-thickness-to-composite- 
surf ace-roughness ratio, peeling surface distress was a dominant mode of 

f ai lure. 

3. Reducing bearing temperatures to increase lubricant film thicxness and 
re-honing tne raceways ana rollers to improve surface finish effectively 
eliminatea the peeling mode of failure. 

4. CracKing and fracture of tne cones of AISI i^-60 bearings occurred due 
to tne high tensile noop stresses at 18 500 rpm with the optimized high-speed 
design bearings. 

6. CHS lOOOM oearings of tne optimized high-speeo design did not crack or 
fracture. Four of these oearings ran to 34 times rated catalog life without 
fai lure. 
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TABlF 1. - TEST BEAKlNb GEONETKT 


Olmension 

Standard 

Computer 


design 

opt imwed 



des i gn 

Cup half angle 

17’ 

S3' 

Roller half angle 

l‘i5' 

Tib' 

Roller large end diameter, mm (in.) 

18.29 

lb.29 


(0.7<0) 

(0.720) 

No. of rollers 

2b 

23 

Total roller length, mm (in.) 

i4.17 

34.18 

(l.J4b2) 

(1.3456) 

Pitch diameter, nw (in.) 

lbo.8 

IbS.l 


(b.bov) 

(b.lOb) 

Bearin.} outside diameter, mm (<n.) 

cOb.4 

190. b 

Roller crown radius, mm (in.) 

(B.l^bl 
2b. <1x104 

(7.500) 

2b.4xlo4 


(1000) 

(1000) 

Roller spherical end radius. 

BU 

80 


perient of apn length 


'kbU 2. - TEST HEARING SPEIIFILAI IUN:> 


Sland^ru design^ lomputer opttmi/ed design 
(CBS li)00M)‘> 


Case Hardness, HocKxell C S8 to o4 


SB to 64 


Core Hardness. Rockwell C 


^6 to 4H 


2i to 4b 


Case depth (to 0 S percent 
carbon level after final 
grind) , cm ( in. ) : 

Cup and cone 

Ro I ler 


O.Ubb to O.lbS 
(0.0:4 to 0.0T3) 
U.Oifl to U.ifOl 
(U.Uib to 0.07V) 


Surf ace f inlsh.t 
utn (iiin.), rms; 

Cone race«a> O.IS (t>) 

Cup raceaay .20 (B) 

Cone nb .ib (7) 

Roller taper ,1J (S) 

Rollei spherical .cS (b) 


O.Obl to U.lbS 
(U.0^4 to U.U7j) 
O.OVl to 0.^01 
(U.Uib to U.U7v) 


0.10 (4) 
.10 i4) 

.15 (6) 
.05 (2) 
.OB (J) 


^Identical specifications for both AISl 432U and CBS lUOOM bearings. 
I’AISI f4-b0 bearings through-hardened to Rocsoell C ol to bi and finished 
to the same specifications as the CBS lOOOM bearings. 

^Measured values. 
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Figure 1. - Pictorial view of high-speed tapered roller bearing test rig. 
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la) Standard design bearing. (b) Computer optimized design bearing. 


Figure 2. - Lubrication and cooling of test bearings. 
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Figure?. - Fractured cone o( A| SI M-SO bean no S/N 78-10 after 188 hours ol 
operation at 18 sat rpm. 
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Figures. - Photomicrograph o( cone racwsav crack on A IS I M-SO bearing 
S/N 78-10 after 188 hotirs ot operation at 18 sai rpm. 



Figure'}, fatigue spall on cone racrt-.av of CBS lOOOM 
bearing S M 7o 17 after 135 hours of operation at 
18 500 rpn. 
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